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Abstract
With increasing environmental awareness and high oil prices, use of warm mix asphalt (WMA) is gaining popularity in the
asphalt industry. Different WMA technologies including use of additives to reduce the mixing and compaction temperatures
are being applied. The present study uses the surface free energy (SFE) method as a mechanistic framework to evaluate the
moisture susceptibility of warm mix asphalt (WMA) with Evotherm® WMA-additive. The SFE components of a modified
PG64-22 asphalt binder with different percentages of Evotherm® and selected aggregates were measured in the laboratory.
The work of adhesion, the work of debonding, and energy ratios were estimated to assess the moisture-induced damage 
potential of combinations of neat and Evotherm®-modified asphalt binders and different aggregates. The results indicated that 
use of Evotherm® resulted in increase in total SFE and work of adhesion and a reduction in the work of debonding, indicating
a better possible aggregate-asphalt binder bond and lower moisture susceptibility potential. It is expected that the present 
study would be helpful in understanding the moisture-damage potential of flexible pavements constructed with WMA
technologies.
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Introduction 
Warm mix asphalt (WMA) technologies are capable of significantly reducing the production and placement 
temperatures of asphalt mixes. This temperature reduction results in saving energy, cutting emissions, extended 
paving season in cold climates, and significant cuts in production costs (APA, 2003
over the conventional hot mix asphalt (HMA), its ability to resist moisture-induced damage is uncertain. 
Moisture-induced damage is defined as loss of bond within the asphalt binder (cohesive failure), or at asphalt 
binder-aggregate interface (adhesive failure) due to the presence of moisture (Howson et al., 2009). Lower mixing 
temperature in WMA results in incomplete drying of the aggregates, and consequently, a poor bond between 
asphalt binder and aggregate (Hurley & Prowell, 2005). Furthermore, some WMA additives introduce water into 
the mix which can reduce the indirect tensile strength and may cause moisture-induced damage (Goh & You, 
2012).  
Despite its popularity, Tensile Strength Ratio (TSR) tests (AASHTO, 2004) sometime fail to correlate with 
field performance and provide an understanding of the mechanisms of the moisture-induced failures (Prowell et 
al., 2007; Bhasin et al., 2006). Based on the TSR test, Prowell et al. (2007) reported that WMA mixes resulted in 
an increase in moisture-induced damage potential compared to HMA mixes. In a related study, Hurley and 
Prowell (2005) found that moisture susceptibility tests on WMA mixes did not produce a solid conclusion. The 
TSR test is an empirical test and lacks a mechanistic approach to quantify the moisture-induced damage potential 
of the mixes. Therefore, the surface free energy (SFE) approach, which gives a mechanistic understanding of 
moisture-induced damage, has been applied recently to study adhesion and cohesion mechanisms of HMA and 
WMA mixes (Ghabchi et al., 2013; Arabani et al., 2012; Hossain et al., 2011; Wasiuddin et al., 2008; Bhasin & 
Little, 2007; Bhasin et al., 2007; Bhasin et al., 2006; Kim et al, 2004; Cheng et al., 2002).  
Promising results have been reported in the literature about the application of SFE approach to evaluate 
moisture-induced damage potential of asphalt mixes. For example, Bhasin et al. (2007; 2006) suggested different 
combinations of SFE parameters including work of adhesion, work of debonding, work of cohesion, and specific 
surface area of aggregates to describe the moisture susceptibility of an asphalt binder-aggregate system as a single 
value. In another study, Cheng et al. (2002) utilized the SFE approach to calculate the work of adhesion and free 
energy of cohesion for different asphalt binders and aggregates with and without the presence of water. Their 
results were consistent with those obtained from the accelerated moisture-induced damage tests on mixes. In a 
recent study, Arabani et al. (2012) reported a significant correlation between moisture-induced damage potential 
of WMA mixes based on SFE and ratio of conditioned to unconditioned dynamic modulus of asphalt mixes. Not 
many studies have investigated the mechanics of the moisture-induced damage potential of the Evotherm® WMA 
mixes in light of the SFE method.  
The present study was undertaken to evaluate the effect of Evotherm® as a WMA-additive on the moisture 
damage potential using the SFE method. For this purpose, the SFE components of a PG64-22 asphalt binder with 
and without Evotherm®, and selected aggregate were measured using the Wilhelmy Plate Test and Universal 
Sorption Device, respectively. The work of adhesion and the work of debonding of different combinations of 
aggregates-asphalt binder systems were evaluated to assess the moisture damage potential of the selected mix. 
 
Nomenclature 
+ Monopolar acidic surface free energy component  
-  Monopolar basic surface free energy component 
LW Non-polar Lifshitz-van der Waals surface free energy component 
AB Acid-base surface free energy component 
Total Total surface free energy 
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WAS Work of adhesion (WAS) between an asphalt binder (subscript A) and aggregate or stone (subscript S) 
 Work of debonding 
1. Surface Free Energy (SFE) 
SFE of a solid can be defined as the work required to increase the surface of that solid by a unit area under 
vacuum (Van Oss et al., 1988). Similarly, the free energy required to create two interfaces from one interface 
consisting of two different phases in contact, is called work of adhesion of that material.  According to Van Oss 
et al. (1988), the total surface energy can be stated in the form of three independent components, based on 
intermolecular forces: a -), and an apolar or 
Lifshitz-  -van der Waals 
- tions 1 and 2.  
 
ABLWTotal           (1) 
 
where, 
 
AB            (2) 
 
With the given SFE components of an asphalt binder and aggregate, the work of adhesion (WAS) between an 
asphalt binder (subscript A) and aggregate or stone (subscript S) can be determined from Equation 3. The 
magnitude of work of adhesion indicates the tendency of the two phases of material to bind together (Bhasin et 
al., 2007). 
 
SASA
LW
S
LW
AASW 222        (3) 
 
Similarly, the work of debonding ( ), as a result of separation of asphalt binder from aggregate surface 
due to the presence of water (subscript W), is determined from Equation 4. 
 
ASSWAW
wet
ASWW          (4) 
 
where, , and  represent the interfacial energy between asphalt binder and water, aggregate and 
water and asphalt binder and aggregate, respectively. The interfacial energy by definition is the energy equal to 
the surface tension at an interface. The interfacial energy between materials i and  j can be determined from 
Equation 5 (Bhasin et al., 2007). 
 
jiji
LW
j
LW
ijiij 222       (5) 
 
In an asphalt-aggregate system in which the debonding occurs due to the presence of water, the work of 
debonding is negative. This means that energy is released due to debonding, a thermodynamically favourable 
wet
ASWW
wet
ASWW
AW SW AS
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mechanism. Therefore, the greater the magnitude of , the higher the potential of debonding of asphalt 
binder from aggregate, in presence of the water (Bhasin et al., 2007).  
2. Materials 
2.1. Asphalt binder and aggregate 
A PG64-22 asphalt binder and limestone aggregate were collected from the Valero refinery in Muskogee and 
from the Dolese quarry in Oklahoma, respectively. In addition, the SFE components of commonly used 
aggregates for pavement construction, including granite and basalt, were adopted from the open literature 
(Buddhala et al., 2011; Bhasin et al., 2007) 
components and moisture susceptibility of asphalt binder-aggregates systems. 
2.2. WMA-additive 
One type of WMA-additive, namely Evotherm® was selected in the present study. This additive is currently 
used in practice to produce WMA mixes. Evotherm® is a product of MeadWestvaco Asphalt Innovations in 
Charleston, South Carolina. Chemical additive technology and a "Dispersed Asphalt Technology" (DAT) 
delivery system are used for the production of Evotherm®. Based on MeadWestvaco reports, field testing of 
WMA with Evotherm® show a 100° F (55.5° C) reduction in production temperature (MWV, 2012). The optimal 
amount of Evotherm® recommended by Hurley and Prowell (2006) is 0.5% by the weight of the asphalt binder. 
For the present study, Evotherm® was collected from an asphalt mix production plant located in San Antonio, 
Texas. 
3. Methodology 
3.1. Dynamic contact angle measurement of asphalt binder 
The selected PG64-22 asphalt binder was modified with different amounts of Evotherm® (i.e., 0.25%, 0.50% 
and 0.75% by the weight of asphalt binder) as shown in Table 1.  
Table 1. Test Matrix 
 
The selection of the amounts of the additive was made based on the optimal dosages as recommended in the 
literature or by the manufacturer. In the present study, a wide range of dosage was considered to evaluate the 
effect of the additive on moisture susceptibility of asphalt mixes. The SFE components of modified asphalt 
binders and neat asphalt binder were determined based on the measurement of the contact angles. Contact angles 
of asphalt binders were measured in the laboratory using the Dynamic Wilhelmy Plate test (DWP) with using 
wet
ASWW
Material Type of 
Additive
Percentage of Additive* Solvents No. of 
Samples
PG 64-22 Evotherm® 0%, 0.25%, 0.50% and 0.75% Water, Glycerin and Formamide 36
Set 1 Water 3
Set 2 MPK 3
Set 3 n-Hexane 3
* The percentage of Evotherm® is based on the weight of asphalt binder.
Limestone
Aggregate
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three different solvents of known SFE components, namely water, glycerin and formamide, according to the 
methodology used by Wasiuddin et al. (2007). A total of 36 asphalt binder samples were prepared in the 
laboratory and tested for contact angles. A brief description on Dynamic Contact Angle (DCA) measurements of 
asphalt binder is given below. 
To prepare the asphalt binder samples, the bulk PG64-22 asphalt binder was heated in the oven, according to 
the recommended temperatures for neat and modified asphalt binders for two hours. After two hours of heating, 
the asphalt binder was separated into small canisters. A photographic view of the separated asphalt binder 
specimens is shown in Figure 1-a. To measure DCA, a 24mm x 50mm glass plate was coated with asphalt binder. 
To maintain sufficient coating of asphalt binder, the glass plate was dipped in liquid asphalt binder and moved 
back and forward three times, in approximately five seconds. Thereafter, it was held out of the asphalt binder for 
another five seconds to let the excessive asphalt binder start to drop off the plate. Then the sample was placed in 
the oven upside down for two minutes to gain surface uniformity. Finally the sample was placed in the desiccator 
for 24 hours, prior to testing. The DWP samples are shown in Figure 1-b. After the curing, each sample was 
visually inspected for any defects, specifically small air bubbles, on their surface or edges. In the case of any 
defects, the sample was discarded as it may cause significant variations in measurement of the contact angle. 
Then sample was attached to the microscale of the DCA device and DWP procedure was initiated. The DWP 
tests were conducted using asphalt binder in contact with, Water, Glycerin and Formamide as solvents. The tests 
with each of the above mentioned solvents were performed using a minimum number of three replicates to ensure 
the repeatability of the test and consistency of results. At least, twelve sets of DWP tests were conducted for each 
solvent and each percentage of WMA-additive, resulting in a total of thirty six DWP tests. Photographic views of 
the DCA device and DWP test in progress are shown in Figures 1-c and 1-d, respectively. 
3.2. SFE Components  Measurement of Aggregate 
The SFE components of selected limestone aggregate were measured using a SGA - 100 universal sorption 
device (USD) and applying the methodology discussed by Bhasin and Little (2007), according to Table 1. The 
probe vapors of known SFE components, namely water, n-hexane, and methyl propyl ketone (MPK) were used to 
determine adsorption isotherms. A total of 9 aggregate samples were tested in the USD. Thereafter, Equations1 
through 6 were used to determine the work of adhesion, and work of debonding in asphalt binder-aggregate 
systems. A brief description on USD on aggregate is given below. 
The SGA -100 from VTI Corporation is a gravimetric sorption device designed for water and organic vapor 
sorption studies of materials. This technique works based on the development of a vapor sorption isotherm, i.e. 
the amount of vapor adsorbed, or desorbed, on the solid surface at a fixed temperature and partial pressure. The 
range of relative pressure (RP) can be designed from 0.02 to 0.98 and temperatures from 5 to 60°C. At each 
relative humidity (RH) or pressure step, the system monitors sample weight until equilibrium condition. Sample 
weight, temperature, and RH or RP are recorded in a data file. Identical conditions of temperature and humidity 
for a sample and a reference are achieved by using a symmetrical two-chamber aluminum block. Sample weight 
changes are recorded using a Cahn D-101 microbalance. Photographic views of the SGA -100 Water Vapor 
Sorption Analyzeris shown in Figure 2-a. To prepare aggregate samples for testing, aggregates were crushed 
from limestone rock. The portion passing No.4 and retaining No. 8 sieves was selected and washed several times 
with distilled water to obtain a dust-free and clean surface of aggregates .(Figure 2-b). Then the aggregate was 
oven dried at 120°C for 12-hour and allowed to cool to room temperature in a desiccator sealed with silica gel. 
About 20 grams of aggregate was used to conduct one USD test. Test was repeated at least three times using each 
probe vapor to ensure consistency of the results. 
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(a)                                                                           (b) 
 
(c)                                                                           (d) 
Figure 1 (a) PG 64-22 asphalt binder separated in small canisters, (b) curing DWP samples in desiccator (c) photographic view of DCA 
device (d) photographic view of DWP test in progress 
 
(a)                                                                           (b) 
Figure 2 (a) Photographic of SGA -100 USD device (b) Aggregate samples prepared for USD test 
 
4. Results and Discussion 
4.1. Contact angles 
The laboratory measured contact angles of Evotherm® -modified asphalt binders and neat asphalt binder with 
water, glycerine, and formamide are presented in Table 2. In general, when the contact angle is more than 90°, 
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the solvent is unable to wet the surface. When the contact angle is less than 90°, the solvent is able to wet the 
surface. When the contact angle is close to zero, spreading of the solvent on the surface can happen. Overall, 
addition of Evotherm® resulted in reduced contact angles compared to those of the neat asphalt binder (Table 2). 
The implications of variations in contact angles on the properties of the asphalt binder are expected to influence 
the SFE components and energy parameters such as work of adhesion and debonding and moisture-induced 
damage potential, which is discussed later in this paper. 
Table 2. Measured contact angles of PG64-22 asphalt binder modified with different percentages of Evotherm® 
 
 
4.2. SFE components of asphalt binders 
The SFE components of PG64-22 asphalt binder modified with different percentages of Evotherm® are 
presented in Table 3. It was found that in general Total) and base SFE component ( -) 
of asphalt binder increases with an increase in the amount of Evotherm®. For example asphalt binder modified by 
0.25% Evotherm® resulted in a reduction of the total SFE component by 0.58 mJ/m2 compared to the neat binder. 
However, when the amount of Evotherm® was increased to 0.5% and 0.75%, the total SFE component increased 
to 12.24 and 13.69 mJ/m2, respectively. An increase in the total and polar base SFE components may affect the 
adhesion of an asphalt binder with different aggregates (Wasiuddin et al., 2008; Arabani et al., 2011). 
Furthermore, Table 3 shows that, no detectable trend of acid to base component ratio ( + -) was observed for 
Evotherm®-modified asphalt binder. Acid to base SFE component ratio is an important energy parameter, since 
the highly acidic asphalt binders may not result in a good bond with acidic aggregates such as sandstone, gravel, 
and specifically granite, since the surface chemistry of Lewis acid and bases do not favor adhesion in this case 
(Arabani et al., 2011). 
4.3. SFE components of aggregates 
SFE components of the selected limestone aggregate and other different types of aggregates (i.e., granite and 
basalt) adopted from literature (Buddhala et al., 2011; Bhasin et al., 2007) are presented in Table 3. The SFE 
components of the limestone aggregate used in the present study are comparable to the results reported for one 
other limestone aggregate by Buddhala et al. (2011).  
It was observed that granite is the most acidic aggrega + -) of 0.251, 
+ - ratio of 0.004 (Table 3). One should be careful using an acidic 
aggregate such as granite, with asphalt binder, which is acidic in nature, that may result in a weak bond between 
asphalt binder and aggregate (Arabani et al., 2011), and consequently, high moisture-induced damage potential. 
 
Mean Std. Dev. Mean Std. Dev. Mean Std. Dev.
108.6 0.8 97.0 0.6 92.8 0.2
0.25% 104.6 0.2 91.0 0.7 88.6 0.4
0.50% 101.9 0.1 91.2 0.3 88.9 0.4
0.75% 100.7 0.6 92.8 0.4 89.2 0.5
Neat
 Evotherm®
Advancing Contact Angle (Deg)
Water Glycerine Formamide
Type and Amounts of 
Additives Mixed with
 PG 64-22 Binder
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Table 3. SFE Components of PG64-22 Asphalt Binder Modified with Evotherm® and Aggregates 
 
 
4.4. Work of adhesion 
Work of adhesion (WAS) is defined as the work required to separate the asphalt binder from aggregate interface 
(Bhasin et al., 2001). Higher WAS indicates a stronger bond between asphalt mix components, leading to a more 
durable and a less moisture susceptible mix. Hence, the study of the work of adhesion is very important to gain a 
better understanding of the moisture-induced damage mechanism (Wasiuddin et al., 2008). Table 4 shows the 
work of adhesion between the aggregates and the PG64-22 asphalt binder modified with different types and 
amounts of the Evotherm®. 
According to Table 4, the addition of Evotherm® to the selected asphalt binder resulted in a significant 
improvement in the work of adhesion with all types of aggregates. For example, addition of 0.75% of Evotherm® 
results in an improvement in the work of adhesion. This improvement is more pronounced with a maximum 
increasing rate of 65.6% in the limestone case. The least improvement in the work of adhesion, with the use of 
same amount of Evotherm®, was observed in the granite case, a 30.3% improvement. It is desirable for an asphalt 
mix to have a work of adhesion as high as possible to be durable and less moisture susceptible (Bhasin et al., 
2001). Therefore, it is expected that the use of Evotherm®-modified asphalt binder may possibly improve the 
durability and resistance against moisture-induced damage of the mixes produced with both acidic and basic 
aggregates, discussed herein.  
4.5. Work of debonding 
Work of debonding ( ) is another important energy parameter, defined as the reduction of the free energy 
of the asphalt binder and aggregate system, when asphalt binder gets separated from its interface with aggregate 
in the presence of the water. Hence, a higher magnitude of the work of debonding implies a higher 
thermodynamic potential for stripping to occur in the presence of the water. Therefore, a lower work of 
debonding is more favorable to reduce the moisture susceptibility of the system (Bhasin et al., 2007). Table 4 
LW
(Non-polar)
-
(Base)
+
(Acid)
AB
total
+ -
Neat 0% 9.44 0.93 1.22 2.13 11.57 1.30
0.25% 6.84 1.24 3.45 4.14 10.99 2.77
0.50% 6.74 2.50 3.03 5.50 12.24 1.21
0.75% 9.17 3.03 5.50 4.52 13.69 1.82
51.4 741.4 17.5 227.8 279.2 0.024
Granite* 133.2 96 24.1 96.2 229.4 0.251
Basalt* 52.3 164 0.6 19.8 72.1 0.004
* Adopted from Buddhala et al. (2011) and Bhasin et al. (2007).
Surface Free Energy Components (mJ/m2)
Evotherm®
 PG64-22 Binder with Different Types and Amounts of Additives
Aggregates from Testing and Literature
Limestone (Tested)
Material Type
wet
ASWW
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presents the work of debonding between the aggregates and the PG64-22 asphalt binder modified with different 
amounts of Evotherm®. 
Table 4. Energy parameters of PG64-22 asphalt binder modified with different percentages of Evotherm® and aggregates 
 
Table 4 shows that in general, the addition of Evotherm® decreased the work of debonding. The maximum 
reduction in the work of debonding for basalt aggregates was observed when 0.75% of Evotherm® was added to 
the PG64-22 asphalt binder. Similarly, a reduction of 18.9% was observed in the work of debonding for granite 
aggregate. Based on the work of debonding, it can be concluded that for the tested materials. Evotherm® might be 
used with the aggregates discussed in this study, with possibly less concern over the moisture susceptibility of the 
asphalt mix. 
5. Conclusions 
The present study evaluated the effect of a WMA-additives namely Evotherm®, on SFE components of the 
PG64-22 asphalt binder. The work of adhesion and work of debonding of the modified and unmodified asphalt 
binders over different types of the aggregates were estimated and moisture susceptibility potential of each 
combination of asphalt binder-aggregate was evaluated. The following conclusions may be drawn from this 
study. 
 Overall, the addition of Evotherm® resulted in reduction in measured contact angles with different 
solvent compared to those of neat binder.  
 Evotherm® generally increases the total SFE component of the asphalt binder, compared to that of 
neat binder.  
 Overall, Evotherm® increases the work of adhesion of asphalt binder over the aggregates. 
 Evotherm® generally reduces the magnitude of work of debonding of the asphalt binders over the 
tested aggregates. 
Further research is required to explore the correlations between the results obtained from SFE method with 
those from laboratory tests on asphalt mixes and real field test sections.  
NOTE 
The research sponsoring organization and the authors do not endorse any proprietary products or technologies 
mentioned in this paper. These appear herein only because they are considered essential to the objective of this 
paper. 
Neat PG64-22 112.2 102.0 74.2
0.25% 148.0 107.7 87.1
0.50% 145.2 109.6 84.6
0.75% 185.7 133.0 106.6
Neat PG64-22 -176.0 -58.1 -34.5
0.25% -145.0 -57.2 -26.4
0.50% -151.1 -58.7 -32.3
0.75% -122.4 -47.1 -22.0
Work of Debonding  (mJ/m2)
Evotherm®
Granite Basalt
Work of Adhesion (mJ/m2)
Type and Amount
 of WMA Additive
Limestone
Evotherm®
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